ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) and tip-enhanced Raman spectroscopy (TERS) have shown great promise in the detection and analysis of trace analytes throughout numerous fields of study. Both SERS and TERS utilize nanoscale plasmonic surface features to increase the intensity of observed Raman signals by many orders of magnitude (>10 8 ). One of the major factors limiting the wider and more routine implementation of the enhanced Raman phenomena is in the difficulty of forming consistent and reliable plasmonic substrates with well-defined "hot-spots". We address this limitation by designing a platform that can be used for both SERS and TERS. The presented technique allows for rapid, controlled, "on-demand", and reversible formation of a SERS substrate using dielectrophoresis at the end of a nanoscale pipet. This drives gold nanoparticles in solution to concentrate and self-assemble at the tip of the pipet, where analytes can be detected effectively using SERS. An additional benefit of the platform is that the nanopipet containing a nanopore can be used for detection of individual nanoparticles facilitated by the added enhancement originating from the nanopipet tip enhanced signal. Complementing the experimental results are simulations highlighting the mechanism for SERS substrate formation and TERS detection.
T he vibrational modes of a chemical bond provide extremely precise information about a molecule. Achieving higher signal strength from fewer molecules has been the driving force behind developing Raman amplifiers such as nanoscale metallic features (i.e., surface-enhanced Raman spectroscopy, SERS) or ultrasharp tips (i.e., tip-enhanced Raman spectroscopy, TERS). 1−5 In both cases, signal amplification is caused by the electromagnetic (EM) fields generated and focused to a localized region. 6 The scientific literature details a multitude of methods in forming SERS substrates; however agglomerations of plasmonic nanoparticles (gold/silver) have been proved to be among the most successful examples. 5, 7, 8 The majority of these lack control over deposition; particles are distributed randomly over the underlying material. Inefficient assembly of nanostructures stems from the fact that nanosensors (as well as all sensors whose "detection zone" is on the order of a nanometer) are diffusion-limited. 9 In light of these problems, there is a need to develop methods to allow controllable, reversible, and ondemand assembly of SERS substrates. Raman spectroscopy is a longstanding method for probing specific chemical properties of a molecule. SERS spectra can be used to identify functional groups as well as their structural dynamics in a multiplexed and label-free manner. 10 Although nanopores, atomic force microscopy, and optical tweezers are among a set of methods which can obtain both single-molecule (SM) 11−15 and submolecular information, 16, 17 SERS provides very unique spectra for a target molecule. The vibrational modes of a molecular bond therefore provide a fingerprint for the detection of trace analytes.
Previous work has shown the ability to self-assemble nanoparticles within an aqueous environment, creating closepacked nanoparticle arrays that greatly enhanced SERS detection capabilities. 18 DNA origami-based assembly of nanoparticles has also been shown to be successful by other groups. 19, 20 Another powerful technique exploited for nanoparticle aggregate assembly is dielectrophoresis (DEP), which can act to readily concentrate solution-based moieties (molecules/particle) under the action of an ac voltage. DEP allows for charged and neutral species to be manipulated over micrometer length scales, 21 making concentrating particles particularly efficient. 22 Making use of the polarizability of a particle, DEP attracts (positive DEP, or pDEP) or repels (negative DEP, or nDEP) objects in a nonuniform electric field toward or away from the point of maximum field intensity, respectively. Nanopore technology is particularly attractive for plasmonic studies due to the confinement of single-molecule events to a localized optical plane/position. 23−25 Nanopipets, in particular, are a class of biosensors possessing a nanopore at the head of a sharp (nanoscale) tip that have been utilized in SERS experiments, 26, 27 among other applications. 21,28−32 The advantages provided by SERS can be extended by exploiting the sharp tips of these nanopipet devices, in a technique called TERS. TERS, in principle, helps eliminate the need to construct nanoscale features with high surface roughness from metallic building blocks. Using sharp nanoscale spikes constructed from plasmonically active materials, TERS can be achieved by facilitating tip-localized SERS. Simulations of the EM field for different tip sizes (tip radii of 5−75 nm) revealed that tips with a radius of <75 nm can be used for TERS, opening the door for using nanopipets. 33 These types of devices have been shown to provide enhancement factors (EF) in the range of 10 6 −10 7 and even higher. 34 This level of signal amplification approaches the SM level; however, it is well recognized that methods that provide greater control of the size, shape, and formation of the TERS tips are required. 35, 36 The majority of literature examples, reporting SERS/TERS using nanopipets, use nanoparticles deposited randomly on the outer surface of the pipet via electrostatic binding. Using such a device for in situ measurements of intracellular environments is possible and was demonstrated by Vitol et al. 26 The authors of this work accurately state that the advantage of using nanopipets for SERS applications is that nanopipets allow for the simultaneous injection of drugs and/or toxins while measuring the cells' response in real time. With the aim of making SERS nanopipets specific to a known target protein, one particular variation of this technology would be a SERs immunoassay. This demonstrates that specificity can be imparted to SERS sensing. 27 Strategies to enhance SERS signals have also been widely reported on and demonstrated using surface binding in a microfluidic device, 37 electrophoresis on a microfabricated surface, 38 surface-tension-driven concentration in metallic nanohole arrays, 39 and dielectrophoresis on microelectrodes 40 or sharp pyramidal tips. 41 Nanopipets, however, offer several benefits over the above 2D SERS substrates including (1) intrinsic tip enhancements, 42 (2) welldefined 3D location of a SERS hot-spot, 41, 43 (3) mobility of the SERS hot-spot, 41 (4) molecular delivery from inside the nanopipet 28 (e.g., single-molecule delivery onto a SERS substrate), and (4) single-molecule measurements of intracellular components 44 (via translocation and electrical signal read-out).
In this report, two major advances in surface-bound analyte examination are demonstrated. The first stems from DEP-active Au-coated nanopipets acting on a suspension of gold nanoparticles, which are capable of providing on-demand SERS substrate formation. More specifically, it allowed for the control of the size, shape, and rate of formation of gold nanoparticle (AuNP) aggregates at a well-defined hot-spot for SERS (i.e., the tip of the nanopipet). Second, TERS was observed upon passing individual gold nanoparticles through the nanopore atop the nanopipet. Each translocation event was identified as a peak in Raman intensity. Each of these phenomena was supported by simulations of the DEP and electromagnetic field enhancement, respectively. Despite finding that nanopipets are ideally suited to act as a DEP electrode, nanopipets have yet to be explored in this context.
■ RESULTS AND DISCUSSION
The experimental approach used in this study incorporates ionic and electrically conducting nanopipets (Figure 1a ) with aqueous SERS substrates (AuNP) for (1) single-particle translocations detected using TERS and electrical measurements ( Figure 1b) and (2) the on-demand AuNP assembly for SERS sensing (Figure 1c ). AuNP assembly was accomplished using DEP and served to increase the SERS signal of a bound analyte through creating a concentrated plasmonic substrate. Both parts of this study were performed using quartz capillaries pulled to a diameter of approximately 70 nm (Figure 1d ). Pipets were coated with 5 nm of gold via sputtering after the pulling procedure to make them electrically conductive. The position of the tip was controlled using an XYZ micro- manipulator (PT3/M-Z7, Thorlabs), and the distance from the ground electrode (a glass slide coated with 5 nm of gold) was determined using optical microscopy. DEP trapping was initiated through the application of an ac voltage bias between the two Au electrodes (Figure 1c ). Once the tip was submerged in KCl, a current−voltage (I−V) curve was generated to confirm that the nanopore is intact and conducting ( Figure S1 , Supporting Information). The pipets used in this study had a resistance of 117 ± 12 MΩ (measured in 10 mM KCl, 10 mM Tris/EDTA, pH 8, between −600 and 600 mV; average of 10 nanopipets) and a pore diameter of 70 nm as measured by SEM (Figure 1d ). Once the electrical characteristics of the nanopipet were quantified, the nanopipet tip was submerged in a solution of gold nanoparticles (see Methods 45 on AuNP synthesis, diameter ∼43 nm) functionalized with malachite green isothiocyanate (MGITC). Control experiments using 4-mercaptobenzoic acid, as well as spectra for functionalized AuNPs dried on a glass substrate, can be found in the Supporting Information (Figures S2, S3 ). UV−vis was used to ensure that the MGITC did not cause the AuNPs to aggregate prior to DEP trapping. When MGITC was added such that there were >2000 MGITC molecules per AuNP, the particles would visually fall out of solution. However, a 10× dilution of MGITC (∼297 MGITC molecules per particle) retained stability for several hours to days ( Figure S1 , Supporting Information). 45 Surface-Enhanced Raman Spectroscopy Using DEP. DEP forces are capable of trapping particles or molecules at the tip while an alternating electric field is applied to the pipet. Due to the weakening of the electric field when propagating through space, the distance between the tip of the nanopipet and the ground electrode, D gap , is a critical parameter that determines the force on particles and therefore the rate of accumulation. The magnitude of the force on the particle scales with the electric field gradient and was used to understand the dependence of D gap on the attractive force on the particles. DEP forces were first investigated by simulating the electric field gradient, ∇|E| 2 , along the z axis extending out from the nanopipet tip toward the ground electrode. The dependence of ∇|E| 2 is shown for changing electrode gap distances (D gap = 20−100 μm) at positions 10, 100, and 1000 nm from the tip (Figure 2a) . At all the positions tested, the smaller D gap conditions exhibited larger electric field gradients, suggesting particles would (a) accelerate toward the tip faster and (b) overcome diffusion further away from the nanopipet tip (i.e., form a larger capture radius). Function fitting shows a logarithmically decreasing trend in the force as the electrode gap distance increases, which matches our expectations based on previous literature. 46, 47 From the vector map of the electric field gradient (Figure 2b ), it is also apparent that the point of highest force, and the location of DEP trapping, is at the nanopipet tip itself. Once diffusion is overcome, DEP forces are capable of trapping particles or molecules at the tip, for as long as an alternating electric field is applied to the pipet.
Simulated data were supported experimentally using two approaches: particle tracking and SERS measurements. Particle tracking was achieved using fluorescently labeled 40 nm AuNPs (Nanopartz Inc.) and tracking the centroid position of the particles in relation to the distance from the tip (averaged over 20 particle trajectories; see Supporting Information for full details). For D gap values of 50 and 100 μm, the velocity of the AuNPs increases linearly as the particles approach the tip of the nanopipet (Figure 2c ). This supports the simulation data, which indicated that the nanopipet tip has the highest electric field gradient and therefore acts as the point of local attraction. More importantly, as D gap was reduced, particles reached higher velocities, indicating that the DEP force is stronger when the nanopipet is close to the ground electrode. Since the DEP force scales linearly with the electric field gradient emanating from the tip, DEP forces can be maximized by reducing D gap .
The distance dependence of nanoparticle agglomeration was confirmed using SERS measurements of MGITC-functionalized AuNPs using a 632.8 nm laser positioned directly on the tip of the nanopipet. Once a baseline measurement was obtained, DEP trapping was achieved by applying an ac voltage (10 V, 1 MHz) to the gold electrodes. For each of the three D gap conditions tested, a fresh nanopipet was used. All three baseline measurements (Figure 2d ; "off" conditions) consistently yielded low photon counts (i.e., low SERS signal) and represented the variability typically observed between different nanopipets. After DEP trapping, the EF was largest for a D gap of 20 μm (minimal change was observed between 50 and 100 μm). For all further studies, a D gap of 20 μm was used unless otherwise stated, owing to the higher electric field gradients at lower electrode gaps.
Upon characterization of the gap distance, DEP parameters (ac frequency and voltage) should be selected based on the complex dielectric constants of the nanoparticle and the medium in which the particles are suspended. This is common procedure for most polarizable nanoparticles such as those composed of polystyrene. Since AuNPs are always more polarizable than low-conductivity solutions, we expect a positive DEP response across the operating frequency range. 48 Upon applying an ac bias to the nanopipet, an aggregate of AuNPs formed locally around the nanopipet tip (Figure 3a) . Diffusion took over after DEP was turned off, and this led to a gradual loss of AuNPs from the nanopipet tip. Scanning electron micrographs (Figure 3b) show a small cluster of AuNPs that remain at the tip of the nanopipet acting as a SERS hot-spot in DEP experiments. Throughout DEP trapping experiments and subsequent SEM imaging, it was observed that AuNP coverage (i.e., surface area covered with particles) and density (i.e., the number of particles in one area) increased with DEP trapping time (diffusion-induced collisions alone did not result in AuNP adsorption). Particles adsorbed to the surface only when DEP forces were applied, originating first at the tip and traveling up the shaft of the pipet tip. For prolonged DEP trapping in which the SERS signal saturates (e.g., Figure 3c ), both the coverage and density increased significantly (Supporting Information Figure S4 ). In Figure 3b , the AuNP cluster extends 1 μm from the tip for ∼1 min of DEP trapping and ∼50 μm from the tip for 10 min of DEP trapping. It is important to note that DEPenhanced SERS does not require large AuNP clusters, and DEP trapping times should be optimized based on AuNP concentration.
Previous work in the literature has utilized electrostatic binding of AuNPs on the surface of nanopipets, therefore, it is important to compare the results between both electrostatic 26, 27 and DEP-assisted AuNP coatings. Electrostatic methods rely on random adsorption to the entire surface of the nanopipet. Also, coverage increases as a function of AuNP exposure time (5 h of incubation with AuNPs is needed to acquire a dense AuNP coating on the nanopipet). 26 The coverage obtained in this study is significantly higher, localized to the tip, and occurs within 2−3 min of DEP trapping or less depending on the desired level of coverage and particle density. On-demand DEP-enhanced SERS yielded an EF of at least 16 000 compared to control measurements without using DEP ( Figure S2 , Supporting Information; D gap = 20 μm, 10 V, 1 MHz). Tracking of the 1170 cm −1 Raman peak (corresponding to the bending of the C−H bond) provided measure of the kinetic growth of AuNP aggregation locally around the nanopipet tip (Figure 3c) . 10 The peak increases exponentially upon turning on DEP and levels off after 150 s, staying approximately at the same level for the remainder of the experiment (5.8 min). The observation that SERS enhancement reaches a maximum is likely due to the fact that the laser spot has a fixed size. As a result, the volume of AuNPs that scatter photons is also bounded by the laser spot. Equivalent data (as shown in Figure 3 ) were also obtained using silver NPs (see the Supporting Information).
Visualization of the SERS decay after DEP trapping was accomplished by tracking a SERS peak for one DEP on/off cycle (total of 10 min). An exponential drop in the peak intensity was observed until the peak reached baseline values (Figure 3d ). Although it is unclear whether every AuNP was removed from the pipet, clogging of the pore is always a concern when dealing with nanopores. Preventing AuNPs from blocking the nanopipet tip can be feasibly accomplished by reducing AuNP concentrations or applying a high trans-pore voltage (as used later for translocation experiments). Pulsing DEP between SERS measurements and translocation experiments in repetition is the ideal system wherein AuNPs can be probed for an analyte molecule and electrical measurements of single particles can be obtained.
In order to gain a better understanding of the SERS substrate formation kinetics, DEP pulsing was lowered from a pulse duration of 300 s (the longest pulse duration) down to 5 s (the shortest pulse duration). The inability for the signal to reach the baseline at the end of the "DEP off" cycle led to the hypothesis that DEP concentrates AuNPs faster than they can diffuse away. The result is that the SERS signal never reaches the pre-DEP level and starts the next cycle at an already enhanced level (Figures 4a,b) . To test this, a model of the diffusion process was formulated (details supplied in the Supporting Information). The model assumed independent steady-state conditions for both the "DEP on" phase and the "DEP off" phase. This is accompanied by a fixed capture rate of AuNPs when DEP was on and steady-state diffusion when DEP was off. The number of AuNPs inside a fixed volume (using an approximation of the laser spot size) was calculated, normalized, and plotted over time (Figure 4bii ). Since there is a fixed volume in which particles can fit inside, a fixed maximum level was achieved for both the SERS signal and the normalized particle concentration. On the basis of the laser spot diameter of ∼2 μm and the spherical growth of the AuNP aggregate, the maximum number of particles in the laser spot corresponds to approximately 70 000 AuNPs (assuming a maximal packing efficiency of ∼0.74). It should be noted however that laser transmission through such a large AuNP aggregate would be low, resulting in photons being collected only from the outermost shell that faces the laser. In the model, diffusion initially led only to a 38% reduction of AuNPs inside the approximated laser spot, leading to AuNP assembly (i.e., buildup) across cycles (assuming 5 s of DEP and 5 s of no DEP). As the AuNP concentration grew over time, the concentration gradient also became larger until eventually, and irrespective of model parameters, the flux of particles out of the laser spot equaled the rate of influx due to DEP. The number of cycles required to fill the laser spot, however, did depend on the model parameters (i.e., cycle time, DEP capture rate, etc.), with our best approximations leading to equilibrium after 5 cycles (D = 10 μm 2 /s, DEP capture rate = 220 particles/ s, cycle duration = 10 s; details provided in the Supporting Information). These experiments demonstrated that DEPenhanced nanopipets are a versatile technique to capture and assemble AuNPs for SERS applications on short (s) time scales.
Translocating Single Particles. The enhancement of Raman signals is governed by the molecule's proximity to a plasmonic feature. In the previous section, the plasmonic SERS substrate was formed from single nanoparticles aggregating via DEP forces. This section however focuses on the TERS enhancements associated with a single particle translocating through the tip of a Au-coated nanopipet/nanopore. Furthermore, during translocation, interactions between the analyte and the nanopore have been shown to play a significant role in the passage time or dwell time of the analyte. 49 To demonstrate how analyte−pore interactions can lead to plasmonic coupling in the nanopipet device geometry, simulations were conducted where the pipet is angled toward a flat gold electrode and irradiated with a polarized laser (see Supporting Information for more details). Plasmonic enhancement was measured as an increase in the electromagnetic field intensity surrounding the AuNP. Compared to AuNPs alone, the EM field intensity surrounding the AuNP increases approximately 8.5 times when translocating through a goldcoated nanopipet (Figures 5a,b) . During translocations, EM fields between the gold layer on the pipet and the AuNP increase above baseline values (those observed when a AuNP was irradiated separately; see Supporting Information, Figure  S6 ), indicating a coupling effect between the two gold structures (Figure 5c ). One advantage of nanopore sensing is that the detection of a molecule is localized to a fixed, and typically small, volume of space. TERS coupling between the tip and the AuNP is also extremely localized in space, suggesting that both Raman measurements and ionic current measurements are capable of measuring the same translocation event simultaneously. Single-particle translocation experiments were performed by placing MGITC-functionalized AuNPs inside the barrel of the nanopipet and applying a negative voltage (−200 mV) to the electrode inside the pipet. The AuNP translocated through the pore in the direction of the electrophoretic force on the particles. Single-particle translocation events were observed, both in the Raman signal and in the ionic current electrical signal ( Figure 5 ). No events were observed prior to applying a voltage bias (Figure 5c ). Indicating that limited laser transmission into the barrel of the pipet, or AuNPs, is sterically hindered from entering the region closest to the tip, as observed with DNA in previous work. 28 This represents a significant improvement over membrane-fabricated metallic nanopores since there is no longer a need to use picomolar concentrations of AuNP to prevent random collisions with the nanopore entrance causing unwanted spikes in the Raman signal. 45 AuNP translocation events occurred roughly at the same frequency for Raman experiments (7.4 events/min) as for ionic current measurements (8.4 events/min). The similarity in event rate suggests that the dc voltage (200 mV in both experiments) applied across the nanopore pulls AuNPs toward the pore at a similar rate. Translocation events taking place while the laser spot is focused on the nanopipet tip, however, caused longer SERS enhancements (>500 ms), typically too long for electrophoretic events (Figure 5d ). The laser-illuminated nanopipet therefore showed similar event rates but slower translocation kinetics compared to traditional nanopore experiments. Although unconfirmed, it is possible that the laser spot produces an optical trapping force that could be slowing down particles. Since the laser powers used in this study (single mW range) are much lower than those typically used in optical tweezer setups, we believe that the complete trapping of particles (i.e., halted movement) in the midst of a superimposed dc electric field from inside the nanopore is unlikely. However, the optical gradients are likely to deflect or alter the course of a translocating AuNP, leading to slower event durations and greater interactions with the nanopipet surface. This interpretation assumes that the optical force does not affect AuNP aggregation and is consistent with the lack of nanopore clogging events in both the Raman and ionic current measurements. This effect, examined using DNA, was discussed in detail most recently by Belkin et al. 50 Translocation events without the laser spot on the tip of the nanopipet were shorter in duration than those with the laser turned on, as discussed previously. The average dwell time and current drop for AuNPs functionalized with MGITC was 209 ± 380 μs and 344 ± 78 pA, respectively (Figure 5e ). The excluded charge obtained from 458 events generated a single distribution suggesting that no AuNP dimers were formed ( Figure S12 , Supporting Information). These data taken together signify single-particle detection via SERS in combination with electrical signal read-out from a nanopipet. The benefit of using both measurements is that AuNP shapes/sizes can be quantified through ionic current measurements and be used to normalize the SERS signal based on the characteristics of the plasmonic structure. The goal is to make SERS measurements more reproducible, which is a long-standing problem with low-concentration samples. 13, 36 Furthermore, particles can be manipulated on-demand using DEP trapping to control AuNP aggregate formation and attraction toward the nanopipet tip.
■ CONCLUSION
In summary, we have demonstrated the use of nanopipets for two avenues of research. The first is the in situ on-demand formation of a SERS substrate by utilizing DEP acting on gold nanoparticles. An in-depth focus was placed on the magnitude of SERS enhancement, kinetics of substrate formation, and the effect of experimental factors, including the gap distance between electrodes. Second, TERS interactions were observed as individual nanoparticles translocated through the gold-coated nanopores, while ionic current measurements also provided a way to characterize the translocating nanostructures. This work marks a significant improvement over existing plasmonic nanopore structures through the addition of dielectrophoresis-based preconcentration of gold nanoparticles. Preconcentration of metallic features within a specific 3D space can be used in (1) SERS measurements and/or (2) ionic current/ translocation measurements. In both cases, the time required to make a measurement is reduced since there are more molecules and/or events being positioned near the sensor. These attributes are important for any droplet or single-cellbased approaches, where a target molecule exists in solution and in low concentrations. We believe that these unique findings open the door to a broad range of applications, including multiplexed SERS detection, endoscopic measurements in single cells, and high-throughput/low-volume diagnostics.
■ METHODS
Fabrication. Nanopipets were fabricated using a Sutter P2000 pipet puller using quartz capillaries with an outer diameter of 1 mm and an inner diameter of 0.6 mm. The pulling conditions followed a two-line protocol: (1) HEAT: 575; FIL: 3; VEL: 35; DEL: 145; PUL: 75, followed by (2) HEAT: 600; FIL: 0; VEL: 15; DEL: 128; PUL: 200. Pipets were coated with 5 nm of gold (Quorum Technologies; Q150R S) and used immediately (although not required). In rare cases (approximately one in 20 pipets), gold would delaminate from the pipet, and this was observed optically by AuNPs being attracted upstream from the tip to where the gold layer was still intact. It was more likely to see the delamination of gold from the second gold electrode: a glass slide coated with 5−10 nm of gold.
AuNP Synthesis. Citrate-stabilized NPs were synthesized using the Turkevich−Frens method. 51, 52 Briefly, 17.2 mg of HAuCl 4 (Sigma) was initially dispersed in 195 mL of DI H 2 O. Afterward 11.2 mg of trisodium citrate dehydrate (Sigma) dissolved in 5 mL of H 2 O was added. The solution was brought to reflux for 15 min followed by 2 h of cooling. The AuNPs were filtered using a 200 nm filter to remove any aggregated particles. Typical NP concentrations at the end of this protocol were between 70 and 90 pM using extinction spectroscopy. NP size after synthesis and filtering was measured to be 43 nm using SEM. A 20 μL amount of MGITC (1.2 μM) was added to 1 mL of NPs while mixing. This resulted in approximately ∼297 MGITC molecules/particle, if all dye molecules adsorbed onto each NP equally.
SERS Data Acquisition and Analysis. SERS measurements were performed on a home-built Raman microscope using a 632.8 nm wavelength excitation source, coupled to an inverted optical microscope. 53 The light was focused onto a 50 μm entrance slit of a spectrograph (303 mm focal length, Shamrock SR-303i, Andor) coupled to an electron multiplying charge coupled device (Newton DU970BV, Andor). Event rate was calculated by applying a threshold to photon count time traces and sorting independent events from background noise. The resulting number of events was divided by the time of the recording to find the event rate within each file.
Single-Channel Recordings. Ionic current was recorded using a patch clamp amplifier (Axopatch 200B) and digitized at a sampling frequency of 200 kHz and lowpass filter of 10 kHz (Digidata 1440). KCl solutions were prepared fresh prior to experiments and were placed within nanopipets after 10 min of plasma treatment. Event rate was calculated as described in the SERS analysis methods.
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